We recently demonstrated that blood clotted around biphasic calcium phosphate (BCP) microparticles constituted a composite biomaterial that could be used for bone defect filling. In addition, we showed that mononuclear cells, i.e. monocytes and lymphocytes, play a central role in the osteogenic effect of this biomaterial. Hypothesizing that osteoclast progenitors could participate to the pro-osteogenic effect of mononuclear cells we observed previously, we focus on this population through the study of mouse monocyte/macrophage cells (RAW264.7 cell line), as well as human pre-osteoclastic cells derived from mononuclear hematopoietic progenitor cells (monocytes-enriched fraction from peripheral blood). Using monocyte-derived osteoclast progenitors cultured within plasma clot/BCP microparticles composite, we aimed in the present report at the elucidation of transcriptional profiles of genes related to osteoclastogenesis and to bone remodelling. For both human and mouse monocytes, real-time PCR experiments demonstrated that plasma clot/BCP scaffold potentiated the expression of marker genes of the osteoclast differentiation such as Nfactc1, Jdp2, Fra2, Tracp and Ctsk. By contrast, Mmp9 was induced in mouse but not in human cells, and Ctr expression was down regulated for both species. In addition, for both mouse and human precursors, osteoclastic differentiation was associated with a strong stimulation of VegfC and Sdf1 genes expression. At last, using fieldemission scanning electron microscopy analysis, we observed the interactions between human monocytes and BCP microparticles. As a whole, we demonstrated that plasma clot/BCP microparticles composite provided monocytes with a suitable microenvironment allowing their osteoclastic differentiation, together with the production of pro-angiogenic and chemoattractant factors.
Introduction
Bone tissue is a highly dynamic structure that is renewed through a remodelling process involving osteoblasts and osteoclasts (Seeman and Delmas, 2006; Henriksen et al., 2009) . Due to pathological conditions such as trauma or tumours, bone defects appear, and autologous bone graft is the gold standard for bridging these gaps (Sen and Miclau, 2007) . However, in addition to drawbacks such as potential infection and pain at the donor site (Younger and Chapman, 1989; Arrington et al., 1996) , the availability of autologous bone is limited. This prompted the development of synthetic materials as an alternative. Among these materials, ceramics based on biphasic calcium phosphate (BCP) composed of hydroxyapatite (HA) and β-tricalcium phosphate (β-TCP) are commonly used as bone substitutes in clinical practice (Ransford et al., 1998; Cavagna et al., 1999; De Long et al., 2007; Aulakh et al., 2009) .
Although ceramics based on BCP are commonly used as resorbable bone substitutes, few studies investigating the interactions between osteoclasts and particulate forms are available. In 1996, Piattelli et al. (1996) described the use for human patients of BCP granules (HA/b-TCP 50/ 50, 450-600 mm in size) to fill bone defects resulting from the enucleation of odontogenic cysts. They reported that some degradation products of the particles were present, and they observed a gradual substitution by the bone tissue. The following year, using neonatal rabbit bone cells seeded on BCP pellets (HA/b-TCP 60/40), Yamada et al. (1997) demonstrated in vitro the existence of an osteoclastic resorption process on the BCP surface.
In the following decade, several in vivo studies reported the use of BCP as bone substitute to fill defects generated in rabbit (Dupraz et al., 1998; Gauthier et al., 1999b; Lu et al., 2004; Gauthier et al., 2005; Fellah et al., 2006) , and these experiments highlighted the osteoconductive properties of BCP particles with a size ranging from 40 μm up to 1500 μm. BCP was also implanted in vivo in dog (Gauthier et al., 1999a; Linton et al., 2002) , rat (Malard et al., 1999; Alam et al., 2001; Lerouxel et al., 2006; Fellah et al., 2007; ) and mouse (Claase et al., 2007) . Depending on the study and on the animal model, BCP microparticles (< 20 μm, 40-500 μm) or larger granules (> 1000 μm) were used. Finally, several recent reports in the field of maxillofacial surgery for sinus augmentation document the use of BCP for human patients. With the exception of the report from Weiss et CC Mouline et al. BCP microparticles and osteoclasts al. (2007) (microparticles 80-200 μm in size), all these studies use a granular form of BCP (Cordaro et al., 2008; Froum et al., 2008; Sculean et al., 2008; Friedmann et al., 2009; Lindgren et al., 2009; Frenken et al., 2010; Lindgren et al., 2010) . In addition to in vivo experiments, three reports in the literature document the interactions of human cells in vitro with microparticulate forms of BCP. These studies include results published by Silva et al. (2003) about BCP microparticles (37 μm in size) impact on human macrophages locomotion and secretion, as well as two publications that describe osteogenic differentiation of human mesenchymal stem cells associated to 1-10 μm (Saldana et al., 2009) or 140-200 μm (Cordonnier et al., 2010) microparticles.
In a recently published paper, we have demonstrated that blood or plasma clotted around BCP microparticles (40-200 μm) constituted a cohesive, mouldable and adaptable biomaterial that could be used for bone defect filling (Balaguer et al., 2010) . We established in that study that the osteogenic property of blood clot associated to BCP particles mostly resulted from the presence of mononuclear cells, which includes osteoclast progenitors present within peripheral blood monocytic cells. There is an emerging set of data supporting the notion that osteoclast-mediated resorption could benefit to bone reconstruction within a bone substitute. In synergy with the totally interconnected structure due to the microparticulate form of the BCP we use, one can hypothesize that in vivo, osteoclastic action would favour the invasion of this bone substitute by mesenchymal stem cells, vessels and osteoclastic progenitors, supporting eventually biomaterial substitution by new living bone. Using the plasma clot/BCP microparticles composite as a 3D cell culture system, we wanted here to identify molecules, which could account for the osteogenic property of this biomaterial. Hypothesizing that osteoclast progenitors could participate to the pro-osteogenic effect of mononuclear cells we observed previously, we focused on this population through the study of mouse monocyte/ macrophage cells (RAW264.7 cell line), as well as human pre-osteoclastic cells derived from mononuclear hematopoietic progenitor cells (monocytes-enriched fraction from peripheral blood). Using these monocytederived osteoclast progenitors, we aimed in the present report at the elucidation of transcriptional profiles of genes related to osteoclastogenesis and to bone remodelling.
Materials and Methods

Cell culture
The mouse RAW264.7 cell line was obtained from ATCC . Cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Lonza, Basel, Switzerland) containing 5% characterized foetal bovine serum (Hyclone serum). The RAW 264.7 cell line has been shown to readily differentiate into osteoclasts upon exposure to RANKL (Receptor Activator for Nuclear Factor κ B Ligand). Unlike primary osteoclast precursors, there is no requirement for the addition of macrophage colony stimulating factor (M-CSF).
Biphasic calcium phosphate particles
The biphasic calcium phosphate (BCP) biomaterial was composed of 60% hydroxyapatite (HA; Ca 10 (PO 4 ) 6 (OH) 2 ) and 40% β-tricalcium phosphate (β-TCP; Ca 3 (PO 4 ) 2 ). The sintering conditions for BCP granules were as follows: 1050°C during 4 hours. Calibrated BCP particles with an equivalent diameter ranging from 80 to 200 μm were provided by GRAFTYS SA (Aix en Provence, France). These particles were sterilized by heating to 180°C for two hours.
Mouse and human cytokines
Mouse RANKL cytokine was produced as a fusion protein with GST (GST-RANKL), as previously described (Beranger et al., 2007) . For all the experiments using mouse cells, GST protein, produced and purified using the same protocol, was used in control conditions. Human recombinant cytokines hM-CSF and hRANKL were purchased from Peprotech (Rocky Hill, NJ, USA) (Recombinant Human M-CSF, #300-25; Recombinant Human soluble RANK Ligand, #310-01).
Mouse blood withdrawal and plasma preparation
Mouse whole blood was withdrawn on sodium citrate anticoagulant from anaesthetised ten week-old mice C57BL/6 mice (JANVIER, Le Genest St Isle, France) by intra-cardiac puncture. Plasma was obtained after blood centrifugation for 15 min at 2500 g at room temperature (RT). All the animal experiments were conducted at the central animal facility of the Faculty of Medicine according to the guidelines of the "Direction Départementale des Services Vétérinaires" and received the approval of the Local Committee for Animal Use and Care (NCA/2007/ 12-07).
Plasma and human precursor cells preparation
Human plasma and osteoclast precursors were prepared using blood samples withdrawn on sodium citrate anticoagulant from healthy donors, and obtained from EFS (Etablissement Français du Sang; www.dondusang.net). Plasma was obtained after blood centrifugation for 15 min at 2500 g at room temperature (RT). Human monocyteenriched fraction was prepared using EasySep Human Monocyte Enrichment kit from StemCell (# 19059) according to the manufacturer's instructions. For osteoclastic differentiation, human primary osteoclast precursors required the presence of both hM-CSF and hRANKL cytokines. For each individual experiment, plasma and precursor cells were matched according to the donor. . 500,000 cells for BCP/scaffolds will give a final cell/surface ratio of 27,800 cells/cm 2 , close to the value we established in preliminary 2D experiments. All the 3D cell culture experiments were performed using this cell concentration. Plasma, cells and BCP particles were introduced into 1-mL syringes. Clotting activation was obtained by addition of 5 μL of 2% CaCl 2, /2H 2 O solution. After 15 min at RT, the syringe tips were cut and the scaffolds were pushed out in 24 well cell culture plates, in 1.5 mL of Minimum Essential Medium Alpha Medium (αMEM, Lonza) containing 5% Hyclone serum. RAW264.7 mouse cells were differentiated in the presence of GST-RANKL at 20 nM and GST protein was used for control condition. Human precursor cells were differentiated with a cocktail containing hM-CSF (33 ng/ mL) and hRANKL (66 ng/mL). hM-CSF was also present in control condition. Cells were cultured up to seven days, with a renewal of the medium at day 2.
Preparation
MTT assay
Cells cultured within 3D scaffolds, were rinsed with 1 mL of PBS and placed into 0.5 mL of MEM medium without phenol red (#12-668, Lonza) containing 5% serum and 0.5 mg/mL of thiazolyl blue tetrazolium bromide (MTT; M5655, Sigma-Aldrich, St. Louis, MO, USA). After 1 hour in cell incubator, the medium was removed, 0.5 mL of lysis solution (sodium dodecyl sulphate, SDS 10%, HCl 0.01N) was added, and incubation was continued overnight before quantification of optical density at 562 nm. Lysates from three independent conditions were prepared. Five MTT measures were performed for each condition. MTT is not stricto sensu a proliferation marker. However, since proliferating cells are metabolically more active than nonproliferating cells, MTT is usually considered as a suitable assay for cellular growth measurements. Using increasing amounts of cells cultured within 3D scaffolds, we provide a calibration curve (Fig.1a , left panel) demonstrating the relationship between cell number and MTT assay quantification.
Total RNA preparation Total RNAs were prepared using Trizol reagent. After a wash with 1 mL of PBS, 3D scaffolds were crushed by several up-and-down pipettings in 0.5 mL of Trizol reagent before a freezing step at -80°C. Samples were thawed and mixed vigorously with 0.5 mL of chloroform during 15 sec before a 5 min incubation on ice. Samples were centrifuged at 14 000 rpm and 4°C during 15 min. Nucleic acids, in the upper aqueous phase, were precipitated using one volume of isopropanol and an incubation of at least 1 hour at -80°C. Following washes in 70% ethanol, pellets were resuspended in H 2 O and nucleic acid concentration was quantified.
Real-time PCR experiments
Reverse transcription (Superscript II/Rnase H -/Reverse transcriptase; Invitrogen, Carlsbad, CA, USA) was performed with 1 μg of RNA and random primers. A tenfold dilution of cDNAs was used for amplification reactions. PCR experiments were performed using an ABI PRISM 7000 system (Applied Biosystems, Carlsbad, CA, USA), and qPCR Mastermix Plus was purchased from Eurogentec (Seraing/Liège, Belgium). Reactions were performed in a 20 μL final volume using 5 μL of diluted cDNAs. Amplification conditions were as follows: 50°C, 2 min; 95°C, 10 min; (95°C, 15 sec; 60°C, 1 min) cycled 40 times. The 36B4 housekeeping gene (Acidic Ribosomal Phosphoprotein P0) was used for normalization of the results. Data represent the mean +/-SD of 3 independent experiments, each performed at least in triplicate.
Mouse primers 36B4
(F5'-tccaggctttgggcatca -3'; R5'-ctttatcagctgcacatcactcaga -3'; GI: 145966895), Nfatc1 (F5'-tgaggctggtcttccgagtt -3'; R5'-cgctgggaacactcgatagg -3'; GI: 118131200), Jdp2 (F5'-cgctgacatccgcaacatt -3'; R5'-ggcctcttgcccagtttca -3'; GI: 31982607), Fra2 (F5'-tcgccgggagctgaca -3'; R5'-gcagctcagcaatctctttctg -3'; GI: 634059), VegfA (F5'-tttactgctgtacctccacca -3'; R5'-atctctcctatgtgctggcttt -3'; GI: 160358802), VegfC (F5'-gggaagaagttccaccatca -3'; R5'-atgtggccttttccaatacg -3'; GI: 119672918), Sdf1 (F5'-gagccaacgtcaagcatctg -3'; R5'-cgggtcaatgcacacttgt -3'; GI: 60279259), Tracp (F5'-tgcctacctgtgtggacatga -3'; R5'-cacatagcccacaccgttctc -3'; GI: 156151431), Mmp9 (F5'-tgagtccggcagacaatcct-3'; R5'-cgccctggatctcagcaata -3'; GI: 31560795), Ctr (F5'-cttccatgctgatcttctgg -3'; R5'-cagatctccattgggcacaa -3'; GI: 112181168) and Ctsk (F5'-cagcagaggtgtgtactatg -3'; R5'-gcgttgttcttattccgagc -3'; GI: 12834089).
Human primers
36B4 (F5'-tgcatcagtaccccattctatcat -3'; R5'-aggcagatggatcagccaaga -3'; GI: 49087144), NFATC1 (F5'-gcatcacagggaagaccgtgtc -3'; R5'-gaagttcaatgtcggagtttctgag -3'; GI: 27502392), JDP2 (F5'-cttcttcttgttccggcatc -3'; R5'-cttcctggaggtgaaactgg -3'; GI: 205277415), FRA2 (F5'-tagatatgcctggctcaggcag -3'; R5'-ggttggacatggaggtgatcac -3'; GI: 44680151), VEGFA (F5'-aggaggagggcagaatcatca -3'; R5'-ctcgattggatggcagtagct -3'; GI: 284172458), VEGFC (F5'-gtgtccagtgtagatgaactc -3'; R5'-atctgtagacggacacacatg -3'; GI: 19924300), SDF1 (F5'-aattctcaacactccaaactgtgc -3'; R5'-tgcacacttgtctgttgttgttc -3'; GI: 164697547), TRACP (F5'-gaccaccttggcaatgtctctg -3'; R5'-tggctgaggaagtcatctgagttg -3'; GI: 161377452), MMP9 (F5'-gtgctgggctgctgctttgctg -3'; R5'-gtcgccctcaaaggtttggaat -3'; GI: 74272286), CTR (F5'-tggtgccaaccactatccatgc -3'; R5'-cacaagtgccgccatgacag -3'; GI: 46361988) and CTSK (F5'-tgaggcttctcttggtgtccatac -3'; R5'-aaagggtgtcattactgcggg -3'; GI: 23110958).
Field-emission scanning electron microscopy analysis
Plasma clot/BCP scaffolds were fixed overnight at 4°C in a buffered glutaraldehyde solution. The samples were rinsed, dehydrated in a graded ethanol series, immersed in CC Mouline et al.
BCP microparticles and osteoclasts hexamethyldisilazane (Sigma-Aldrich) for 5 min, and dried at room temperature. The samples were then mounted on aluminium stubs and sputter coated with gold-palladium (Cressington, 308R, UK). Examination was performed using a field-emission scanning electron microscope (FESEM JEOL 6700F, Tokyo, Japan).
Statistics
All numerical data are presented as mean values together with the standard deviation. The data were statistically evaluated using the non-parametric Mann-Whitney U test. Differences were considered to be statistically significant if the p-value was less than 0.05.
Results
3D mouse monocyte cell line metabolic activity and differentiation within plasma clot or plasma clot/BCP microparticles composite RAW264.7 cells were cultured during five days in scaffolds made of plasma clot or plasma clot/BCP microparticles. As shown in Fig.1a (right panel), for cells cultured within plasma clot scaffold, MTT cleavage measure slightly decreased between day 1 and day 2, before an increase up to day 4 and a stabilisation between day 4 and day 5. When cells were grown within plasma clot/BCP microparticles scaffold, metabolic activity increased up to day 3, decreased between day 3 and day 4, and increased again between day 4 and day 5. As a whole, MTT cleavage measure increased between day 1 and day 5 for both scaffolds, while RAW264.7 cells metabolic activity was higher within plasma clot/BCP microparticles composite compared to plasma clot scaffold. A calibration curve depicting the relationship between cell number and MTT assay quantification is provided (Fig.1a, left panel) . Using real-time PCR experiments, we next quantified the expression of marker genes of the osteoclastic differentiation. As shown in Fig. 1b , culture of these cells in plasma/BCP in the absence of RANKL, induced by itself a significant increase of the expression of all the markers tested, namely Nfatc1, Jdp2, Fra2, Tracp, Mmp9, Ctr and Ctsk, compared to culture in plasma clot alone. In response to RANKL treatment, this effect was potentiated for all the markers excepted for Ctr whose expression was downregulated.
More generally, the presence of the BCP mineral matrix in the plasma clot significantly induced an up-regulation of osteoclastogenesis markers expression for both control and RANKL-treated conditions. 3D human primary monocytes differentiation within plasma clot or plasma clot/BCP microparticles composite Human monocyte-enriched fraction was prepared as described in Materials and Methods, and cells were cultured within plasma clot or plasma clot/BCP, in the absence or in the presence of hRANKL. hM-CSF was present in both conditions. As shown in Fig.2 , for cells cultured within plasma clot/BCP, hRANKL treatment upregulated the expression of NFATC1 (day 1), JDP2 (day 1) and FRA2 (day 2) genes. In plasma clot, no stimulation was observed for NFATC1 and JDP2 genes. Regarding FRA2 gene expression, hRANKL effect was 20-fold higher within plasma clot/BCP compared to plasma clot scaffold.
We next quantified at day 5 hRANKL impact on the expression of TRACP, MMP9, CTR and CTSK genes. For both scaffolds, TRACP and CTSK genes expression was up regulated upon hRANKL treatment. For both genes, hRANKL-induced over-stimulation observed within plasma clot/BCP matrix was statistically significant. By contrast, the expression of MMP9 and CTR genes was down regulated in response to hRANKL. For both MMP9 and CTR genes, the presence of BCP particles within plasma clot hydrogel induced an over-stimulation, particularly for CTR gene basal expression that is 9-fold higher within plasma clot/BCP.
Considering the whole set of genes tested with human progenitors, and as described above for mouse RAW264.7 cells, the presence of BCP microparticles induced a statistically significant stimulation of gene expression for both control and RANKL conditions. Pro-angiogenic and chemoattractant factor genes expression RAW264.7 cells (Fig.3a) or human monocyte-enriched fraction (Fig.3b) were cultured for 2 days within plasma clot or plasma clot/BCP scaffolds, and real-time PCR was used to quantify RANKL treatment impact on the expression of VegfA, VegfC and Sdf1 genes. For both mouse and human cells cultured in plasma clot alone, the expression of VegfA gene was not altered upon RANKL treatment. Conversely, culture in plasma/BCP in the presence of RANKL induced a significant down regulation of this gene compared to plasma alone. By contrast, for both species, the expression of VegfC and Sdf1 genes was up regulated, and BCP particles strongly potentiated RANKL-induced stimulation.
Regarding RANKL-induced gene expression, and compared to plasma clot, the presence of BCP microparticles induced a 3-fold and a 7-fold overstimulation for VegfC and Sdf1 genes respectively for mouse cells. This BCP effect was further enhanced in human progenitors with a 6.6-fold and a 21-fold overstimulation for VegfC and Sdf1 genes respectively.
Field-emission scanning electron microscopy analysis of plasma clot/BCP scaffolds seeded with human monocytes
Human monocyte-enriched fraction was cultured during 7 days within plasma clot/BCP composite, in the presence of hM-CSF (Fig.4, a, c, e ) or in the presence of hM-CSF/ hRANKL (Fig.4, b, d, f) . Both scaffolds were analyzed using field-emission scanning electron microscopy. As depicted in Fig.4 (a-d) , we observed BCP microparticles embedded within a matrix made of fibrin fibers. We observed also that the fibrin matrix was substantially denser within hM-CSF/hRANKL scaffolds (b, d) when compared to hM-CSF scaffolds (a, c). At higher magnification we observed cells on BCP microparticles (e-f, white arrows), as well as cell processes interacting with the BCP surface (f). Human monocyte-enriched fraction (b) were cultured during 2 days with 33 ng/mL hM-CSF, in the absence (control, open bars) or in the presence of 66 ng/mL hRANKL (black bars). Data represent the mean +/-SD of 3 independent experiments, each performed in triplicate. * Statistically significant differences between plasma clot and plasma clot/BCP conditions (p<0.05); ns, non-significant.
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Discussion
In the present study, we wanted to investigate the impact of a plasma clot/BCP microparticles composite on mouse and human monocytes, and more precisely on their differentiation into osteoclasts. Using the plasma clot/BCP microparticles composite as a 3D cell culture system, we wanted to identify molecules, which could account for the osteogenic property of this biomaterial. Hypothesizing that osteoclast progenitors could participate to the proosteogenic effect of mononuclear cells we observed previously (Balaguer et al., 2010) , we focused on this population and we used plasma as a source of fibrin to avoid a contamination by other cell types present within total blood. We demonstrate in the present report that plasma clot/BCP microparticles composite provided 
CC Mouline et al. BCP microparticles and osteoclasts
monocytes with a suitable microenvironment allowing their osteoclastic differentiation in vitro, together with the production of pro-angiogenic and chemoattractant factors, namely VegfC and Sdf1. It will be interesting to mix osteoclast progenitors with different cell populations such as lymphocytes, platelets or granulocytes. This would bring to light the impact of these different blood cell populations on osteoclast progenitors differentiation within plasma clot/ BCP microparticles, and more specifically on the production of pro-angiogenic molecules and mesenchymal stem cells chemoattractant factors.
For both mouse and human monocytes, the expression of early differentiation marker genes (Nfactc1, Jdp2, Fra2) was stimulated upon RANKL treatment within plasma clot or plasma clot/BCP scaffolds. Additionally, BCP exerted a strong stimulatory effect, both on basal and RANKLinduced Nfactc1, Jdp2 and Fra2 genes expression. Regarding Tracp gene, RANKL treatment induced its upregulation whatever the scaffold or the species and, as we observed for the early genes, RANKL effect was potentiated by the presence of BCP particles. To the best of our knowledge the effect of BCP on bone cell differentiation has been described for mesenchymal cell and osteoblast but never for hematopoietic precursors and osteoclasts. To explain this BCP action, we hypothesize that BCP microparticles likely provide osteoclast precursors with an appropriate substratum, allowing cells to interact with a surface mimicking an essential part of bone microenvironment i.e. mineralized substrate. In addition, as discussed below, these data are reminiscent of BCP effect on Sdf1 gene expression, and the study from Grassi et al. (2003) .
Depending on the species (human vs. mouse), some differences were observed for the expression of other marker genes such as Mmp9 and Ctsk. Mmp9 is a matrix metalloproteinase, which facilitates the migration of osteoclasts towards bone surface through proteoglycanrich matrices (Ishibashi et al., 2006) . Cathepsin K is abundantly and almost exclusively expressed by osteoclasts (Littlewood-Evans et al., 1997) . Due to this preferential localization, and to its ability to act at an acidic and neutral pH, cathepsin K is regarded as the main protease degrading most of the bone matrix (Georges et al., 2009) . In mouse RAW264.7 cells, Mmp9 gene expression was induced upon RANKL treatment, whatever the cell culture support used (plasma clot or plasma clot/ BCP scaffolds). We observed also a BCP microparticlesinduced upregulation of Mmp9 gene expression measured in control condition or upon RANKL treatment. By contrast, for human monocytes and for both scaffolds, Mmp9 gene expression was down regulated upon RANKL treatment. This disparity could be linked to the type of cells (a cell line vs. primary monocytes) and/or to the species (human vs. mouse). Interestingly, we observed that when human monocytes were cultured in the presence of hRANKL in plasma/BCP scaffolds (Fig.4, b and d ) the fibrin matrix was substantially denser than in the absence of hRANKL (Fig.4, a and c) . This could be linked with the down-regulation of MMP9 gene expression we measured within human cells upon hRANKL treatment. This hypothesis is supported by the study from Lelong et al. (2001) reporting the fibrinolytic activity of MMP9 protease.
Regarding the Ctsk gene, its expression was strongly stimulated upon RANKL treatment in human monocytes compared to mouse cells (9.4-fold and 1.5-fold increase respectively). As we observed for other differentiation marker genes, BCP microparticles significantly upregulated Ctsk gene expression. Concerning Ctr gene expression, in the absence of RANKL treatment, and whatever the species origin of the cells, BCP induced a significant increase of basal gene expression. Upon RANKL addition, we observed a marked downregulation for both mouse and human monocytes. More generally, the variations of gene expression we observed between species or cell culture support could be related to perturbations created by in vitro cell culture, as reviewed by Birgersdotter et al. (2005) .
For both mouse and human monocytes, we report a strong stimulatory effect of BCP microparticles on RANKL-induced VegfC gene expression. This observation is of particular importance regarding the relationships between osteoclasts, angiogenesis and bone tissue formation. Indeed, osteoclasts express VEGF receptors (Tombran-Tink and Barnstable, 2004) , and VEGF is able to stimulate their survival, differentiation and resorption activity (Yang et al., 2008) . Concerning VegfC gene more specifically, the product of this RANKL target gene functions as an autocrine factor regulating osteoclast activity (Zhang et al., 2008) . In addition, osteoclasts secrete angiogenic factors and are able to stimulate angiogenesis. Previous studies have shown that several bisphosphonates, in parallel to the inhibition of osteoclast activity, also decrease angiogenesis within tumours (Cackowski and Roodman, 2007) . Osteoclasts are involved in osteoclast and endothelial cell invasiveness, and in the bio distribution of VEGF (vascular endothelial growth factor) bound to the extracellular matrix . Concerning bone tissue engineering, several studies report that VEGF delivery, alone or in combination with other factors, is beneficial to bone formation in ectopic site ( Peng et al., 2002; Huang et al., 2005; Peng et al., 2005; ) or within bone defects (Geiger et al., 2005; Ito et al., 2005; Kaigler et al., 2006; Clarke et al., 2007) . More recently, Wernike et al. (2010) reported that VEGF incorporated into calcium phosphate ceramics promoted vascularisation and bone formation in vivo.
As mentioned above, we observed in response to RANKL a strong stimulation of VegfC gene expression. By contrast, VegfA gene expression was not significantly modulated by RANKL. While VegfA is involved in angiogenesis control through VegfR1 and VegfR2, VegfC is a specific ligand for VegfR3 and regulates lymphangiogenesis (Otrock et al., 2007; Shibuya and Claesson-Welsh, 2006) . However, VegfC can undergo proteolytical cleavage, and this processed form binds and activates VegfR2 (Joukov et al., 1996) . VegfC is also able to induce angiogenesis in vivo (Cao et al., 1998) , and the mechanism underlying this effect may involve the recruitment of VegfA-secreting macrophages (Chung et www.ecmjournal.org CC Mouline et al. BCP microparticles and osteoclasts al., 2009) . Considering that VegfC may act directly and indirectly on VegfA/VegfR1/VegfR2 signalisation, VegfC gene up-regulation within plasma clot/BCP composite could have a beneficial effect in vivo on bone repair through the recruitment of endothelial cells and the formation of new vessels. At last, due to the presence of BCP particles, we observed for both mouse and human monocytes a dramatic stimulation of RANKL-induced Sdf1 gene expression within plasma clot/BCP scaffold. This is reminiscent of the Grassi et al. (2003) study, demonstrating that human CD11b + osteoclast progenitors grown on plastic or on phosphate-coated slides differentially expressed a panel of chemokines/receptors. Interestingly, the authors found that SDF1 (CXCL12) significantly increased only when cells were differentiated on phosphate-coated slides. In addition, Sdf1 is induced in the periosteum of injured bone, and Sdf1/CXCR4 signalling is critical for mesenchymal stem cells recruitment to the fracture site where they participate in endochondral bone repair (Kitaori et al., 2009) . As a whole, we demonstrate that osteoclast differentiation within plasma clot/BCP scaffold is associated with the expression of Sdf1 gene, which encodes for a chemotactic factor that allows mesenchymal stem cells homing both in vitro and in vivo (Deschaseaux et al., 2009; Karp and Leng Teo, 2009) .
Although the role of osteoclast/osteoblast coupling in normal bone remodelling is established, the beneficial effect of inducing osteoclast differentiation in addition to osteoblast differentiation for bone reconstruction in bone tissue engineering has been very recently hypothesized. Considering physiological remodelling in a normal adult skull, new bone formation by the osteoblasts occurs almost exclusively at sites previously resorbed by osteoclasts , and osteoclasts secrete factors able to induce osteoblast differentiation and to increase osteoblast activity (Karsdal et al., 2008) . In addition, alterations caused by micro-cracks in bone induce first bone resorption through the recruitment of osteoclasts and secondary bone formation (Segovia-Silvestre et al., 2009 ). More recently, Brouard et al. (2010) reported that G-CSF increased multipotent mesenchymal precursor cells number in bone marrow via an indirect mechanism involving osteoclast-mediated bone resorption. Moreover, Ortega et al (2010) described the complementary interplay between matrix metalloproteinase-9, vascular endothelial growth factor and osteoclast functions, these interactions driving endochondral bone formation. At last, a recent report from Park et al. (2010) establishes that scaffold degradation rate directly impacts the metabolism of human bone marrow derived mesenchymal stem cells, and in turn, the rate of osteogenesis.
As a whole, for both human and mouse monocytes, we demonstrate in the present report that plasma clot/BCP scaffold potentiates the expression of marker genes of osteoclastogenesis such as Nfactc1, Jdp2, Fra2, Tracp and Ctsk. In addition, for both mouse and human precursors, osteoclastic differentiation was associated with a strong stimulation of VegfC and Sdf1 genes expression. Thus, we demonstrate that plasma clot/BCP microparticles composite provided monocytes with a suitable microenvironment allowing their osteoclastic differentiation in vitro, together with the production of proangiogenic and chemoattractant factors. Further experiments are required to investigate, both in vitro and in vivo, the relationships between osteoclastogenesis within plasma clot/BCP composite and osteogenic properties of this biomaterial. 
Discussion with Reviewers
Reviewer I: Since it is known that the main function of osteoclasts is to resorb apatitic bone mineral, it can be expected a priori that inclusion of biphasic calcium phosphate microparticles into plasma clot will result into upregulation of marker genes for osteoclast differentiation as plasma clot by itself does not contain any calcium phosphate that can be resorbed by osteoclasts. Could you comment on the added value of the main findings of your study? Authors: Ceramics based on BCP are commonly used as resorbable bone substitutes but few studies investigating the interactions between osteoclasts and particulate forms are available. In the present report, using monocyte-derived osteoclast progenitors differentiated in the presence of BCP granules, we aimed at the elucidation of transcriptional profiles of genes related to osteoclastogenesis and to bone remodelling. Although BCP-induced upregulation of the expression of osteoclast marker genes was expected, we have now demonstrated this effect, at least in vitro.
In addition, we would like to stress the findings concerning the strong stimulation of VegfC and Sdf1 genes expression observed within plasma clot/BCP microparticles composite. We established in a previous study that the osteogenic property of blood clot associated to BCP particles mostly resulted from the presence of mononuclear cells, including osteoclast progenitors present within peripheral blood monocytic cells (Balaguer et al., 2010, text reference) . We identify here putative molecular mediators (VegfC and Sdf1), which could account, in part at least, for the pro-osteogenic action of mononuclear cells within blood clotted around BCP microparticles composite. Indeed, angiogenesis stimulation (VegfC), as well as the recruitment of mesenchymal stem cells (Sdf1), would favour osteogenesis within the composite, supporting eventually the biomaterial substitution by new living bone.
Reviewer II: Concerning Fig 1, MTT is not a proliferation marker but an indicator for cell metabolism. In this study the MTT test has little value because there is no calibration curve. Why did the authors not present total DNA/RNA as an indicator for cell quantity? Authors: We agree with the reviewer, and MTT is not stricto sensu a proliferation marker. However, since proliferating cells are metabolically more active than nonproliferating cells, MTT is usually considered as a suitable assay for cellular growth measurements. It should be noted that the presence of ceramics leads to underestimated DNA quantifications, and this phenomenon is more marked when small DNA amounts representative of low cell numbers are involved. This issue has been very recently addressed by Piccinini et al., who proposed an alternative method to reliably extract and quantify DNA in ceramic-containing samples (Piccinini et al., 2010) . However, since we wanted also to determine cells viability through their metabolic activity, we favoured MMT assay rather than the determination of nucleic acids content.
Reviewer II: Although this is a fundamental paper on differentiation of specific cell lines, could you please discuss the effect of BCP particles in a heterogeneous blood clot? Authors: We recently published a report demonstrating that blot clotted around BCP microparticles had osteogenic properties, and was able to repair a 6 mm critical femoral defect in rat (Balaguer et al., 2010, text reference) . Moreover, we established in that study that the osteogenic property of blood clot associated to BCP particles mostly resulted from the presence of mononuclear cells, including osteoclast progenitors present within peripheral blood monocytic cells. Using the plasma clot/BCP microparticles composite as a 3D cell culture system, we wanted in the present study to identify molecules, which could account for the osteogenic property of this biomaterial. Hypothesizing that osteoclast progenitors could participate to the pro-osteogenic effect of mononuclear cells we observed previously, we focused on this population and we used plasma as a source of fibrin, to avoid a contamination by other cell types present within total blood. We demonstrate here that plasma clot/BCP microparticles composite provided monocytes with a suitable microenvironment allowing their osteoclastic differentiation in vitro, together with the production of proangiogenic and chemoattractant factors, namely VegfC and Sdf1.
It will be interesting to mix osteoclast progenitors with different cell populations such as lymphocytes, platelets or granulocytes. This would bring to light the impact of these different blood cell populations on osteoclast progenitor differentiation within plasma clot/BCP microparticles, and more specifically on the production of
